Rationale Subtypes of 50-kHz ultrasonic vocalizations (USVs) in rats are thought to reflect positive affect and occur with cocaine or amphetamine delivery. In contexts predicting forthcoming cocaine, pre-drug anticipatory USVs are initially minimal during daily sessions but gradually escalate over several weeks, presumably as the animal learns to expect and look forward to impending drug access. To gain more insight into motivational aspects of cocaine intake in animal models of drug dependence studies, it is important to compare experience-dependent changes in lever response rate, USVs, and locomotion during cocaine conditioning and extinction trials. Objective To address whether cocaine-induced increases in lever responding and locomotor activity correspond with USV production. The study also determined whether shortterm cocaine and context deprivation effects could be detected during conditioning or extinction. Methods Rats underwent 20 days of 60-min sessions of selfor yoked administration of cocaine (0.75 mg/kg/infusion, i.v.), followed by 19 days of extinction training (8 weeks total, weekends off). Results Lever responding for cocaine and cocaine-induced locomotor activity increased across conditioning sessions. In contrast, the number of frequency modulated 50-kHz USVs evoked in response to cocaine infusion decreased with cocaine experience, suggesting perhaps tolerance to the rewarding properties of the drug. In addition, USVs but not lever pressing or locomotion are affected after brief periods of drug and/or drug context abstinence. Conclusions Except for initial drug exposure, increased cocaine seeking during cocaine delivery could reflect either enhanced drug motivation or the development of drug tolerance, but not enhanced positive affect.
Introduction
Cocaine is a drug with psychoactive and stimulating properties. The psychological effects of low doses of cocaine are described as enhanced euphoria, sense of well-being, and self-esteem, accompanied by stimulating effects such as increased energy and mental alertness (Spotts and Shontz 1984) . However, chronic cocaine use in humans has been reported to lead to a decrease of its pleasurable euphoric effects, accompanied by an increase in frequency of cocaine use and the administration of escalating cocaine doses (i.e., development of apparent drug tolerance) (Small et al. 2009 ). Increased doses eventually lead to the desired "high," but are usually accompanied by feelings of irritability, anxiety, and paranoia (Resnick et al. 1977; Spotts and Shontz 1984; Trinkoff et al. 1989 Trinkoff et al. , 1990 Breiter et al. 1997) .
In animal models of drug dependence, the rewarding properties of cocaine have been inferred from observable animal behavior such as increased effort to obtain selfadministered cocaine infusions and preference for cocainepaired environments (Spyraki et al. 1987; Kalivas et al. 1988; Roberts et al. 1989; Hooks et al. 1994; Caine et al. 1995; McBride et al. 1999; Campbell et al. 2000; Zakharova et al. 2009 ). In addition, negative effects of cocaine have been observed in several animal studies, in which cocaine induces or enhances defensive behaviors, such as freezing, crouching, and flight (Blanchard et al. 1998 (Blanchard et al. , 2000 Blanchard and Blanchard 1999) , and cocaine delivery in a runway setup has been shown to trigger conflict behavior (e.g., approach/avoidance) in rats (Ettenberg and Geist 1993) .
During episodes of major significance, humans and animals have emotional reactions that involve responses such as physiological activation, motivational, perceptual, evaluative, and learning processes (Peper 2006) . Ultrasonic vocalizations (USVs) emitted by rats in response to significant events in their environment can be used as real-time reflection of emotional status. For instance, food presentation and social encounters have been shown to cause an increase in the emission of high-frequency ("50-kHz") calls (Knutson et al. 1998; Burgdorf et al. 2000) , whereas the presence of a predator, aversive footshock, or the touch by an unfamiliar human have been reported to elicit low-frequency ("22-kHz") calls (Blanchard et al. 1991; Brudzynski and Ociepa 1992) .
USVs have lately received increased attention in drug dependence studies because short-term administration of amphetamine or cocaine has been shown to evoke the emission of positive, in particular frequency modulated (FM), 50-kHz USVs (Wintink and Brudzynski 2001; Ahrens et al. 2009; Mu et al. 2009; Simola et al. 2010; Barker et al. 2010; Williams and Undieh 2010; Browning et al. 2011) . Dopamine (DA) activation in the mesolimbic DA system by central amphetamine and glutamate administration as well as by electrical stimulation of the brain (e.g., nucleus accumbens, ventral tegmental area) increases the emission of 50-kHz calls (Fu and Brudzynski 1994; Burgdorf et al. 2001 Burgdorf et al. , 2007 . Furthermore, increased emissions of 50-kHz USVs have been reported in environments associated with cocaine, morphine, and amphetamine administration and in response to cues that indicate impending drug availability (Knutson et al. 1999; Maier et al. 2010a, b) . These effects are of particular relevance since cocaine-induced USV data of the same animals emitting cocaine-anticipatory USVs Maier et al. 2010a, b) are shown here.
The two main goals of this study were to examine (1) hypothesized changes in cocaine-induced USVs during relatively long-term administration and extinction training sessions and (2) how they correlate with common measures, such as locomotor activity and lever responding for intravenous self-administration of the drug. Our results may help to further understand the development of cocaine dependence and to lead to improvements in modeling drug dependence.
Materials and methods

Animals
Five-week-old male Sprague Dawley rats (Charles River Laboratories, Inc., Wilmington, MA) were obtained for this study. During handling and lever response training (4 weeks total), the rats were group housed in polypropylene cages. After surgery, the animals were single housed. All animals were kept under a reversed 12:12 light/dark cycle (lights on at 8 p.m.). Only during daily handling, after lever response acquisition and recovery from surgery, was food provided ad libitum. At all other times, the animals were food restricted to maintain body weight. Animals were tested daily between 9 a.m. and 12 p.m., with weekends off.
Apparatus
Lever response training, conditioning, and extinction sessions were conducted in single-lever operant chambers (28×22×21 cm). The operant chambers were located within sound-attenuating boxes (Med Associates, St. Albans, VT) to minimize external noise and light. During conditioning, catheterized rats were intravenously connected via tubing to a sterile cocaine (0.75 mg/kg/injection) or saline syringe (0.1 ml/injection) mounted on a motorized pump (Razel Scientific Instruments, Model A, St. Albans, VT). Lever responses elicited during signaled intervals resulted in a 6-s infusion of either cocaine or saline solution, accompanied by the blinking of a stimulus light above the lever (i.e., 15 times during the 6-s infusion). Three sets of photobeams, two positioned 5 cm from each sidewall and one in the center, were used to assess locomotor activity. Ultrasonic microphones (PCB Piezotronics, Buffalo, NY; working frequency range 5-126,000 Hz) were positioned in the center of the operant chamber with a maximal distance of 22 cm to ensure digital recording of USVs. Photobeam inter-ruptions and USVs were assessed for the entire session in 10-min intervals.
Self-administration and yoked groups
The rats were randomly assigned to one of the following four groups: cocaine self-administration (SA), cocaine yoked (Y), saline SA, and saline Y. Only SA groups had access to the lever during operant training and experimental sessions. Yoked animals did not have access to the lever at any time during the experiment. Each SA rat was paired with a Y rat that passively received identical amounts of food pellets and cocaine or saline infusions.
Lever response training SA rats underwent lever response training for sucrose pellets (45 mg, P.J. Noyes, Lancester, NH) on a fixed ratio-1 (FR-1) reinforcement schedule. Animals were trained for lever response for 12 days in 10-min sessions. Lever presses resulted in the delivery of a sucrose pellet cued by a short illumination of a stimulus light above the lever. Each Y animal received the identical amount of sucrose pellets as its counterpart, with no lever being available.
Jugular catheterization surgery
The catheterization surgical procedure was performed as previously described (Depoortere et al. 1993) . Briefly, all animals were surgically implanted with a catheter made out of Silastic tubing (8.5 cm, 0.64 mm o.d.), of which one end was connected to a cannula endpiece (Plastics One, Roanoke, VA). Anesthesia was maintained and delivered through a gas delivery system (VetEquip, Inc., Pleasanton, CA) and consisted of an isoflurane (2.5-4%; AErrane, Baxter Healthcare, Deerfield, IL) and oxygen (0.8 l/min; Airgas Southwest, Corpus Christi, TX) mixture. After the catheter was inserted into the right jugular vein and secured with surgical suture, its connected endpiece was subcutaneously guided towards an incision on top of the head. Before closing the jugular incision, three drops of the antibiotic gentamicin sulfate (50 mg/ml) were applied to inhibit infection. The catheter was fixed on the skull with four stainless steel anchor screws (Plastics One, Roanoke, VA) embedded in acrylic cement. The anti-inflammatory and analgesic drug carprofen (5 mg/kg) was also administered subcutaneously. The antibiotic Timentin, 0.1 ml (100 mg/1.5 ml), diluted in heparinized saline (1 U/ml heparin), was intravenously administered to the animals during the recovery period. Conditioning sessions commenced after a 1-week recovery from the surgery. Heparinized saline (0.1 ml, i.v.) was daily administered to the animals to maintain catheter patency and to test catheter function.
Conditioning and extinction sessions
Conditioning and extinction sessions were conducted over 4 weeks each (i.e., 8 weeks total), 5 days per week, resulting in 20 days of conditioning and 19 days of extinction sessions. Stimulus conditions were the same between conditioning and extinction sessions except that all animals received non-reinforcing saline infusions during extinction training. Sessions commenced as follows: Animals were placed into dark operant chambers for 10 min prior to drug availability for assessment of drug/saline anticipatory USVs as previously reported Maier et al. 2010a, b) . (Please note that more animals were added to the experiment after the two previously published studies were submitted for publication.) After the pre-drug interval, the house light was illuminated, and olfactory as well as visual cues (rose or cinnamon scents and black or white wall covering) were introduced to the animals. For the next 60 min, the lever was available for 14 30-s intervals for the SA groups at variable intervals (i.e., VI schedule; at time points 610; 700; 1,060; 1,310; 1,760; 2,070; 2,160; 2,520; 2,770; 3,220; 3,530; 3,710; 3,900 ; and 4,060 s); the stimulus light located above the lever slot was illuminated for SA and Y animals. Lever responses by SA animals during the availability intervals (FR-1) resulted in the administration of either sterile cocaine or saline solution to themselves and their yoked counterparts (see more details under Apparatus). Animals were kept in their home cages over the 2-day weekend to determine whether drug and/or cue/test context deprivation behavioral effects (enhanced lever responding, USVs, and/or locomotion) might be observed upon relief from a brief abstinence.
Data collection
Vocalization (USVs), locomotor, and lever response behaviors during the 60-min period of cocaine or saline administration of each experimental session were recorded and analyzed. MED-PC software (Med Associates, St. Albans, VT) was used to detect locomotion and lever responses, and ultrasonic microphones were used to detect rat USVs. USVs were recorded and assessed with RE-CORDER multi-channel and SASLab Pro software (Avisoft Bioacoustics, Berlin, Germany). Recording settings were as follows: sampling rate, 22,050 Hz; format, 16 bits; buffer, 0.2 s; range, 40% 250 kHz; FFT size, 256; resolution, 86 Hz.
Assessment of rat USVs
Detected USVs were assessed using SASLab Pro software as follows: Each recorded 10-min interval was converted to a spectrogram and imported to a data file. Trained data analyzers used visual and auditory confirmation to assess the number of verified USVs. Experimenters performing USV differentiation were blind to the experimental groups and were individually trained by Esther Maier to assure consistent analyses. The proportion of flat/FM 50-kHz USVs was determined from a data subset consisting of one session per week (eight total) in three animals per group. Flat calls were defined as those varying <5 kHz (as displayed on software-generated spectrogram) and lacking detectable auditory frequency variation in playbacks set at 11.025 kHz. Flat calls were determined to equal less than 1% of total calls across all reviewed sessions; therefore, total USVs reported here include both flat and FM USVs. Additional assessment methods can also be observed in video format (Maier et al. 2010a, b) . It is important to mention that the co-occurrence of USVs and light cue could not be determined due to technical limitations.
Drug
Cocaine HCl (0.75 mg/kg/injection; RTI International, Triangle Park, NC) was dissolved in sterile 0.9% sodium chloride. Animals were weighed daily to assure a cocaine dose of 0.75 mg/kg body weight per infusion delivered immediately after each lever response.
Data analyses
USVs and locomotor activity recorded during the 60-min conditioning and extinction sessions were analyzed separately using three-way repeated ANOVAs [drug condition (cocaine, saline) × mode (self-administered vs. yoked) × session days (1-20 or 21-39)] (data for one SA cocaine and one Y cocaine animal were assessed during conditioning but not during extinction). Two-way ANOVAs were conducted on lever response data, and one-way ANOVAs were performed to examine within-group changes associated with cocaine and saline experience and to monitor weekly changes in USV-eliciting effects of cocaine injections (USVs/lever responses). To evaluate the effects of cocaine and cue deprivation during conditioning and extinction sessions, paired samples t tests were used to compare USVs, lever responses, and locomotor activity between Fridays (i.e., days 5, 10, 15 and 25, 30, 35 ) and the following Mondays (i.e., days 6, 11, 16 and 26, 31, 36) within cocaine and control groups. Independent samples t tests were used to compare these values between the cocaine and control conditions. Post hoc analyses (least significant difference tests) to determine precise betweenand within-group differences were performed in the event of significant interaction effects. Levene's test for equality of variances was performed for all data sets. When equality of variance was violated, log transformations were applied, and analysis of variance was conducted on transformed data, including locomotor activity and USV/lever response ratio during conditioning sessions and 50-kHz USVs during conditioning and extinction sessions. Data lost due to equipment recording errors (i.e., 1.5% of total USVs and less than 1% of locomotor activity and lever response measures) were replaced as mean group values.
Results
Conditioning sessions
Lever responses during conditioning Two-way repeated measures ANOVA between SA cocaine and SA saline groups showed significant drug (F(1,12)=5.415, p=0.038), day (F(19,228)=4.703, p<0.001), and drug × day interaction effects (F(19,228)=4.326, p<0.001) (Fig. 1a) . Oneway ANOVAs revealed significant within-group day effects in SA cocaine (F(19,152)=11.71, p<0.001) but not the SA saline group (F(19,95)<1.0; not significant, n.s.). Post hoc tests showed that saline control animals performed significantly more lever responses than cocaine rats during the first two sessions. However, significantly higher lever responses for the cocaine animals were observed during the last 2 weeks of sessions.
50-kHz USVs during conditioning Three-way repeated measures ANOVA showed significant drug (F(1,23)= 142.22, p <0.001) and day (F(19,437)=2.73, p <0.01) but no significant mode or drug × day interaction effects (Fig. 2a) . One-way ANOVAs performed on data from combined cocaine and control groups (e.g., SA and Y groups for each drug condition) revealed significant within-group day effects for the cocaine (F(19,285)= 3.57, p< 0.001) but not the saline control groups (F (19,190) <1.0, n.s.).
Locomotor activity during conditioning Three-way repeated measures ANOVA showed significant effects of drug (F (1,23)=201.7, p<0.001), day (F(19,437)=5.36, p<0.001), and drug × day interaction (F(19,437)=4.73, p<0.001) effects, but not mode or any other interaction effects (Fig. 3a) . One-way ANOVAs revealed significant day effects for the cocaine-receiving groups (F(19,285)=11.55, p<0.001) but not the saline control conditions (F(19,190) <1.0, n.s.). Significantly greater levels of locomotor activity in both cocaine groups compared to the saline control groups at every tested session were shown.
USV/Lever response ratio during conditioning To compare weekly changes in the number of USVs elicited per cocaine or saline injection, one-way repeated measures ANOVA was performed on USVs/lever response ratio data (number of USVs per 0.75 mg/kg cocaine or 0.1 ml saline in SA cocaine and saline groups) from rats with at least three lever responses/week (Fig. 4a ). Significant week effects (F(3,18)=11.038, p<0.001) were revealed in SA cocaine (n=7) rats but not SA saline (n=6) animals (F(3,15)<1.0, n.s.), reflecting the significant decrease in USVs/lever response ratio from the first 2 weeks compared to the last 2 weeks in the SA cocaine but not SA saline groups. Response rates of the SA cocaine group across conditioning and extinction sessions were significantly greater than the SA saline (control) group. a During the first two conditioning sessions (sessions 1-20), control animals (n=5) showed significantly greater lever responses than SA cocaine rats (n=9), but cocaine-reinforced responding gradually increased to significantly greater levels by the 10th session. b Across all extinction sessions (sessions 21-39), cocaine-experienced animals (n=8) maintained significantly greater lever response rates compared to saline controls (n=5). *, ** = Significantly greater compared to matched session between groups, p<0.05 or p<0.01, respectively between SA and Y groups. b Cocaine-experienced animals (SA cocaine, n=8, and Y cocaine, n=6) emitted significantly more 50-kHz USVs than saline controls (SA saline, n=6, and Y saline, n=5) over extinction training, but remained at control levels for the majority of the sessions USVs, lever responses, and locomotor activity before and after 2-day cocaine abstinence intervals during conditioning The t tests of USV, locomotor activity, and lever response data between Fridays and the following Mondays were performed to determine the effects of 2-day cocaine and cue abstinence (Fig. 5) . Since no significant effects of mode on USVs and locomotor activity were detected during conditioning sessions, SA and Y groups were combined for these comparisons. USVs for cocaine, but not saline groups, were significantly higher on Mondays compared to Fridays (t(15)=4.03, p<0.001; paired samples t tests) and significantly greater than USVs in the saline groups ig. 4 USV/Lever response ratio (weekly means + SEM) during conditioning and extinction: SA groups. a Including rats eliciting at least three lever responses/week, the number of 50-kHz USVs induced by each unit dose of cocaine (0.75 mg/kg, n = 7) decreased significantly during the last 2 weeks of conditioning compared to the first 2 weeks. The USV/lever response ratio across all 4 weeks of conditioning was comparable in control animals receiving the same volume of saline injections (e.g., 0.1 ml, n=6) during each lever. b No significant differences in weekly USV/lever response ratios were detected between SA cocaine (n=7) and SA saline (n=6) groups during extinction sessions.^,^^Significantly smaller within-treatment effect, p<0.05 or p<0.01, respectively a Across all conditioning sessions, mean activity scores were significantly greater in cocaine groups (SA cocaine, n=9; Y cocaine, n=7) compared to controls (SA saline, n=6; Y saline, n=5), with no significant differences within SA and Y subgroups of each condition. b During extinction training, a significant decrease from the first to last session was detected in the cocaine, but not saline groups. *, **Significantly greater activity levels for both cocaine groups compared to both saline control conditions during the same session, p<0.05 or p<0.01, respectively (Monday: t(25)=3.81, p<0.001; Friday: t(25)=3.65, p<0.001 for both; independent samples t test) (see Fig. 5a ). Lever responses in cocaine-reinforced animals (i.e., SA animals) were significantly greater than SA saline controls on Fridays (t(13)=2.409, p<0.05) but not on Mondays (t(13)=2.033, n.s.), but neither group showed significant 2-day abstinence effects (t(8)=0.142 and t(5)=1.32 for cocaine and saline, respectively; n.s. for both) (see Fig. 5b ). Locomotor activity was significantly higher in the cocaine compared to saline groups on Friday (t(25)=9.24, p<0.001) and Monday (t(25)=7.97, p<0.05). However, comparisons between Fridays and Mondays in the cocaine (t(15)=1.99, n.s.) and saline (t(10)=0.37, n.s.) groups showed no significant abstinence effects on locomotion (see Fig. 5c ).
Extinction sessions
Lever responses during extinction Two-way repeated measures ANOVA showed significant drug (F(1,12)= 75.231, p<0.001), day (F(18,216)=12.326, p<0.001) , and drug × day interaction effects (F(18,216)=6.222, p<0.001) (Fig. 1b) . One-way ANOVAs revealed significant withingroup day effects in SA cocaine (F(18,126)=15.61, p<0.001) but not the SA saline group (F(18,90)<1.0, n.s.). Animals with previous cocaine self-administration experience maintained significantly greater lever response rates compared to controls across virtually all extinction sessions (i.e., 18 out of 19 sessions).
50-kHz USVs during extinction
Three-way repeated measures ANOVA showed significant drug (F(1,21)= 25.04, p< 0.001) and day (F(18,378)=2.76, p <0.001) but no other significant interactions (Fig. 2b) . One-way ANOVAs revealed significant day effects in rats that had previously received cocaine during conditioning (e.g., SA and Y cocaine groups; F(18,234)=2.95, p <0.001) but not in animals with no previous cocaine experience (e.g., saline control conditions; F(18,180)= 1.31, n.s.).
Locomotor activity during extinction Three-way repeated measures ANOVA showed significant day (F(18,378)= 3.027, p<0.001) and drug × day interaction effects (F (18,378)=1.797, p=0.024) but no drug, mode (F(1,21)= 3.522 and 2.066, respectively, both n.s.), or other interaction effects (Fig. 3b) . One-way ANOVAs revealed significant day effects for animals with previous cocaine experience (F(18,234)= 4.15, p<0.001) but not saline control conditions (F(18,180)<1.0, n.s.). Locomotor activity significantly decreased in cocaine but not saline groups, from the first to last extinction session.
USV/Lever response ratio during extinction One-way ANOVAs performed on USV/lever responses (number of USVs per 0.1 ml saline in SA cocaine and saline groups) from rats with at least three lever responses/week showed no significant differences across weeks for SA cocaine (n=7) or SA saline (n=6) groups (F(3,18)=2.05 and F(3,15)<1.0, respectively; both n.s.) (Fig. 4b) .
USVs, lever responses, and locomotor activity before and after 2-day cue abstinence intervals during extinction t Tests were performed on USVs, lever responses, and locomotor activity occurring on Fridays and the following Mondays to determine effects of 2-day cue abstinence in cocaine-experienced and cocaine-naive groups (Fig. 6) . Cocaine-experienced rats showed significantly greater USVs (t(13)=2.32, p<0.05) and locomotor activity (t (13)=2.53, p<0.05) when placed back into the operant chamber after 2 days of home cage only. USVs were significantly greater in cocaine-experienced versus cocaine-naive rats on Fridays (t(23)=2.05, p<0.05) and Mondays (USVs: t(23)=2.52, p<0.05) compared to saline 5 50-kHz USVs, locomotor activity, and lever responses (means + SEM) before and after "weekend" cocaine and cue abstinence during conditioning sessions: SA and Y combined. a Significantly greater cocaine-induced 50-kHz USVs (n=16) were detected on the Mondays following 2-day cocaine and cue abstinence (e.g., remaining in home cage over weekend) compared to the 5th day of consecutive cocaine administration sessions (e.g., Fridays). No significant differences were detected in cocaine-naive animals (n=11) after identical home cage confinement. b and c Locomotor activity and lever responses in the cocaine animals were significantly greater than saline groups on Friday and Monday sessions, but no group showed significant differences between sessions in these measures.^^Significantly greater withintreatment effects on Mondays vs. Fridays, p<0.01; *, **Significantly greater than saline control condition on same day, p<0.05 or p<0.01, respectively (see Fig. 6a, c) . Lever responses by both cocaineexperienced (t(7)=0.00, n.s.) and cocaine-naive (t(5)=0.09, n.s.) rats did not differ on these days (see Fig. 6b ).
Discussion
During the course of cocaine conditioning, both the number of lever responses and locomotor activity gradually escalated in the cocaine groups over several weeks, as expected. However, although cocaine-induced 50-kHz USVs also escalated during the first week of cocaine administration, it reached a plateau in the second week and gradually dropped off over the last 2 weeks despite the continuing escalation of lever responses for cocaine. Indeed, analyses of the number of USVs elicited per cocaine injection were significantly higher in the first 2 weeks, compared to the last 2 weeks during conditioning. Moreover, for the cocaine groups, the number of 50-kHz USVs was significantly elevated on the session following 2-day (weekend) abstinence, but locomotor activity and lever response rates were not.
Our study confirms previous findings that cocaine administration induces 50-kHz USVs in rats (Mu et al. 2009; Barker et al. 2010; Williams and Undieh 2010; Browning et al. 2011) , as has been found with amphetamine (Burgdorf et al. 2001; Ahrens et al. 2009; Simola et al. 2010; Barker et al. 2010; Wright et al. 2010) but not caffeine (Simola et al. 2010) . As previously reported (Maier et al. 2008 ), animals in the cocaine self-administration group progressively increased lever responding across conditioning sessions. These findings are in contrast to other limited-access studies (i.e., 1-h sessions) that show little or no enhancement of drug intake behavior (Ahmed and Koob 1998; Ben-Shahar et al. 2004; Mantsch et al. 2004) . However, in the present experiment, cocaine was available on a variable interval schedule. Therefore, the observed escalation in lever responses over sessions may reflect increasing expertise in learning the task rather than a "transition to drug dependence" primarily associated with extended-access sessions (Depoortere et al. 1993; Ahmed and Koob 1998; Ben-Shahar et al. 2004; Mantsch et al. 2004; Liu et al. 2005) . In addition, an increase of cocaineinduced locomotor activity was evident throughout conditioning, which progressively increased with cocaine experience. While this finding is consistent with other reports of cocaine-induced behavioral sensitization after repeated administration of equal doses (Post and Rose 1976; Kalivas et al. 1988; Hooks et al. 1994; Crombag et al. 2002; Williams and Undieh 2010) , our study does not specifically address the development of sensitization effects, since animals increased cocaine intake as well as locomotor activity across sessions. A similar increase in cocaineinduced locomotor activity during self-administration was previously reported in our laboratory (Maier et al. 2008) .
However, it is quite notable that over the 20 days (4 weeks, weekends off) of cocaine conditioning, the ratio of FM 50-kHz USVs per lever response (i.e., drug intake) was significantly lower during the last 2 weeks of conditioning, compared to the first 2 weeks. Since FM 50-kHz and not flat 50-kHz USVs are thought to be strongly associated with a reward state (Burgdorf et al. 2007 (Burgdorf et al. , 2008 Wohr et al. 2008; Ahrens et al. 2009; Simola et al. 2010; Wright et al. 2010) , the observed decline in FM 50-kHz USVs, despite increased drug intake, suggests a tolerance-like response developing to the rewarding properties of cocaine parallel to a sensitization to the reinforcing effects of the drug. However, since positive affect USVs can also be decreased by the presence of aversive stimuli (Knutson et al. 1998) , alternate explanations are also conceivable. For instance, it has been reported that cocaine Fig. 6 50-kHz USVs, locomotor activity, and lever responses (means + SEM) before and after "weekend" cue abstinence during extinction sessions: SA and Y combined. a Significantly greater cocaine-induced 50-kHz USVs (n=14) were detected on the Mondays following 2 days of cue abstinence (e.g., weekend in home cage only) compared to the 5th day of consecutive extinction sessions (e.g., Fridays). No significant differences were detected in cocaine-naive animals (n=11) after identical home cage confinement. b Cocaine-experienced rats showed significantly greater locomotor activity on Mondays compared to Fridays and compared to saline controls. c Lever responses in the cocaine animals were significantly greater than saline groups on Friday and Monday sessions, but lever responses were comparable between sessions.^^Significantly greater within-treatment effects on Mondays vs. Fridays, p<0.01; *, **Significantly greater than saline control condition on same day, p<0.05 or p<0.01, respectively in high doses can cause aversive states in human users (Spotts and Shontz 1984) . As observed in the present study, there was a close correspondence between increasing levels of cocaine intake and the significant decrease in the number of 50-kHz USVs emitted for each cocaine injection. Although seemingly counterintuitive (i.e., decrease in rewarding state despite higher drug intake), the higher cocaine intake seen in the last several cocaine sessions could have caused an increase in the non-rewarding effects of cocaine, resulting in fewer cocaine-induced USVs.
Nevertheless, with or without increased drug intake, a crucial factor likely contributing to our present findings concerns long-term effects of drug exposure. For example, even though previous work has reported that experimenterdelivered i.p. cocaine-, (Mu et al. 2009; Williams and Undieh 2010) or i.v. amphetamine-induced (Ahrens et al. 2009 ) USVs progressively increase with repeated administration of a constant drug dose, these studies were conducted over short intervals (5 days). However, Browning and colleagues recently published a long-term SA cocaine study that shows an increase of 50-kHz USVs during long-term cocaine self-administration (Browning et al. 2011) . USVs were measured at four different time points during the experiment, in which the recordings were started immediately after the session commenced without a preceding anticipation period. This is of particular interest since recent publications from our lab Maier et al. 2010a, b) showed that during a drug-free 10-min interval, the same rats used in the current study chronically emitted anticipatory 50-kHz USVs prior to cocaine self-or yoked administration that gradually and markedly increased over the entire 20 days of conditioning . Taken together, the eventual decrease in cocaine-induced USVs during cocaine availability may imply that a gradual temporal shift of cocaine reward occurred, from the reward itself to the conditioned environment, as observed in people and non-human primates [see review, (Schultz 2010)] .
Following 4 weeks of cocaine conditioning, all rats underwent an additional 4 weeks of extinction training. A rapid decline in 50-kHz USVs occurred, and the number of calls dropped down to control levels only 2 days into extinction. Note that even prior to the start of extinction training, the number of USVs elicited by each cocaine injection reduced markedly. Thus, the process that decreased the rewarding properties of cocaine already appeared to be underway. This process may have combined with extinction learning to inhibit reward and/or expectancy. Interestingly, a comparably rapid or extensive drop was not evident for lever response behavior. Throughout the entire extinction training, cocaine-experienced SA animals made substantially more non-reinforced lever responses than SA saline controls. These data suggest that lever responses in these animals were perhaps the result of an over-learned motor behavior rather than via motivational processes (Horvitz 2001) . Alternatively, the high number of lever responses might reflect "checking"-a behavior that exists despite diminished expectations of changes in outcome (Djodari-Irani et al. 2011; Schwabe and Wolf 2011) . In this case, the complete decline in USVs suggests that cocaine delivery was not anticipated though lever responding was persistent. Indeed, our SA saline rats showed a similar pattern during the first 2 days of conditioning-50-kHz USVs at low levels during high rates of lever responding. Taken together, USVs may be a more sensitive measure of changes in reward conditions and may prove to be a vital assessment tool in animal studies of cocaine dependence.
During cocaine conditioning, there was no effect of mode of drug administration (i.e., self-or experimenter administration) on the emission of FM 50-kHz USVs. Mode of drug administration has been shown to elicit different cocaine effects, such as cocaine and cocaineassociated taste cue avoidance, release of glutamate in the ventral tegmental area, and dopamine receptor levels (Stefanski et al. 2007; You et al. 2007; Twining et al. 2009 ). However, our current findings may imply that the mechanisms that trigger cocaine-induced FM 50-kHz USVs under the experimental conditions utilized here are independent of the motivational effects associated with cocaine delivery.
Note that in the present study, negative-affect 22-kHz calls were not observed in SA or Y animals during conditioning or extinction conditions. Others have reported emission of long flat 22-kHz calls during withdrawal from chronic cocaine exposure, but only when triggered by startle conditions (Mutschler and Miczek 1998a, b) . Long flat 22-kHz USVs are generally known to reflect a negative emotional state (Blanchard et al. 1991; Brudzynski and Ociepa 1992; Knutson et al. 2002) . In a recent study utilizing 6-h cocaine access sessions, short 22-kHz USVs were observed in rats self-administering two different cocaine doses (0.355 and 0.71 mg/kg/infusion), though more prominently in the low dose (Barker et al. 2010 ). Since the conditions under which short, as opposed to long, 22-kHz calls remain unclear at this time, further research should explore which conditions typically evoke various 22-kHz calls. Methodological differences among cocaine administration studies exploring USVs are likely to affect USV emissions and result in inconsistencies between findings. For example, in some experimental designs, USV data are only collected from a subset of the total number of cocaine administration sessions, so daily changes in USVs are not tracked (Barker et al. 2010 ). In addition, differences in the duration of cocaine access (e.g., short or long access) or whether animals are ever removed from the cocaine-paired context would likely influence cocaine-induced or cocaine-conditioned USVs. In the current study, 1-h cocaine administration sessions occurred 5 days/week, animals occupied a separate home cage when not participating in training sessions, and USVs were recorded during each and every 1-h conditioning and extinction session. Therefore, the current methodology is unique for the ability to determine the effects of test context, cue abstinence, and daily changes in USVs.
Cocaine-experienced yoked and SA rats similarly emitted more 50-kHz USVs after 2 days of abstinence (i.e., more 50-kHz USVs on Mondays vs. the previous Fridays) during conditioning and during extinction training. Drug deprivation-type effects have been reported not only for cocaine (Tran-Nguyen et al. 1998; Grimm et al. 2001; Lu et al. 2004; Kerstetter et al. 2008; Maier et al. 2010a, b) but also for alcohol and nicotine (Sinclair and Senter 1968; Rodd et al. 2004; Bell et al. 2006; O'Dell and Koob 2007) . However, in contrast to the cocaine deprivation effect described for anticipatory 50-kHz USVs (Maier et al. 2010a, b) , which is evident even at the Monday following the first weekend deprivation, a marked increase in alcohol consumption per se has so far been shown to occur only with many weeks of extended experience or long periods of abstinence (Sinclair and Senter 1968; Rodd et al. 2004; Bell et al. 2006; O'Dell and Koob 2007) . Likewise, in the present report, only the number of 50-kHz USVs, but not the amount of horizontal locomotion and reinforced or nonreinforced lever responses, was significantly enhanced after weekends. Since the 2 days of abstinence occurred only on weekends, it is possible that non-specific events occurring only on these particular days may alter behaviors observed on Mondays. Only USVs and not locomotor activity or lever responding were significantly altered; thus, USVs could be more sensitive to these non-specific events. Previous "incubation of cocaine seeking" studies report that a minimum of seven or more abstinence days is required to produce increased lever response behavior during extinction training (Grimm et al. 2001; Kerstetter et al. 2008; Lu et al. 2004; Tran-Nguyen et al. 1998) . Therefore, our data might indicate that a 2-day drug deprivation period was not long enough to affect lever response rates, but was long enough to enhance events that mediate USVs. These data suggest that USVs may be a more sensitive measurement of learned associations between the environment and cocaine delivery (i.e., "cocaine expectation") than lever response behavior. However, lever responses and USVs are fundamentally different indices of cocaine reinforcement and may not be comparable using absolute values (i.e., number of occurrences). Additional analyses using percent change in lever responses from Monday to Friday were performed, yet no significant differences were detected using these data conversions of lever response rates.
Sensitization of drug-induced 50-kHz USVs after repeated same-dose drug exposure has been previously shown for short-term cocaine and amphetamine treatment (Ahrens et al. 2009; Mu et al. 2009; Williams and Undieh 2010) . Thus, the weekly enhancement of cocaine-induced 50-kHz USVs on Mondays (e.g., after 2 days of total cocaine and context abstinence) during conditioning might be the result of USVspecific incubation effects since lever responding for drug intake does not yet differ between those days. Alternatively, the Monday boost may reflect a transiently slight degradation of conditioned tolerance to the drug due to forced abstinence away from cues, context, and/or drug. During extinction, the elevation of 50-kHz calls on Mondays (e.g., after 2 days of context abstinence) might be triggered by the presentation of direct cocaine-paired cues, such as olfactory and visual cues within the operant environment, lever presentation, and/or the illumination of stimulus lights. This finding is consistent with previous work reporting that animals that previously received amphetamine, morphine, or cocaine for several days in a distinct environment vocalize more in a drug-free state in the drug-paired environment (Knutson et al. 1999; Maier et al. 2010a, b) .
In summary, increasing levels of cocaine experience resulted in higher response rates for SA cocaine rats. Interestingly, the number of FM 50-kHz USVs per cocaine injection declined after approximately 2 weeks of cocaine sessions. During extinction, USVs dropped off rapidly compared to lever responding. In addition, 2-day periods of abstinence from cocaine and/or cocaine cues exaggerated USVs, but not drug consumption or non-reinforced lever responding. The data support the possibility that USVs can provide meaningful information in cocaine-experienced rats that cannot be accessed using only lever pressing or locomotor activity behaviors.
